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Pseudomonas aeruginosa synthesizes two siderophores, pyochelin and pyoverdin, characterized by widely
different structures, physicochemical properties, and affinities for Fe(III). Titration experiments showed that
pyochelin, which is endowed with a relatively low affinity for Fe(III), binds other transition metals, such as
Cu(II), Co(II), Mo(VI), and Ni(II), with appreciable affinity. In line with these observations, Fe(III) and Co(II)
at 10 pM or Mo(VI), Ni(II), and Cu(II) at 100 pM repressed pyochelin synthesis and reduced expression of
iron-regulated outer membrane proteins of 75, 68, and 14 kDa. In contrast, pyoverdin synthesis and expression
of the 80-kDa receptor protein were affected only by Fe(III). All of the metals tested, except Mo(VI),
significantly promoted P. aeruginosa growth in metal-poor medium; Mo(VI), Ni(II), and Co(II) were more
efficient as pyochelin complexes than the free metal ions and the siderophore. The observed correlation between
the affinity of pyochelin for Fe(III), Co(II), and Mo(VI) and the functional effects of these metals indicates that
pyochelin may play a role in their delivery to P. aeruginosa.

A number of transition metals are needed by bacteria as
vital constituents, but their availability in the environment
may not suffice to support microbial growth (16, 19, 38). In
fact, although these metals can exist as the free, uncom-
plexed ion or in a complexed form, the free metal ion may
not be the dominant species even in the absence of ligands.
This is due to indirect complex formation (14) resulting from
the generation of poorly soluble oxides or oxy-hydroxy
polymers under aerobic conditions at neutral pH, i.e., under
physiological conditions (6, 14). Iron is a type case in this
respect; it has a major metabolic role in almost all forms of
life but is poorly soluble since both ferric and ferrous salts
rapidly hydrolyze to insoluble polymeric hydroxides at pH
values approaching neutrality. Thus, the maximum concen-
tration of Fe(III) free in solution at a pH close to 7 has been
estimated to be about 1078 M (35), a value too low for the
microbial requirements.

To counter the effect of iron limitation in the environment
or within the mammalian host tissues (8, 37), most microor-
ganisms have developed high-affinity systems for iron up-
take, consisting of low-molecular-weight chelators, called
siderophores, and their cognate membrane receptors (19,
30). Such iron acquisition systems have been hypothesized
to be involved also in the transport of other essential
transition metals required for the activity of metalloen-
zymes, like molybdenum, cobalt, nickel, and copper (19, 27,
31, 38), but the experimental evidence has so far not been
conclusive.

Pseudomonas aeruginosa is an opportunistic pathogen
which is faced with a stringent iron requirement for multi-
plication both in the infected host and in the environment (8).
Like other fluorescent pseudomonads, it has a strict respi-
ratory type of metabolism, usually with oxygen as the
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terminal electron acceptor, and is unable to grow at acid pH
(32). These metabolic requirements justify the need for
multiple, efficient iron uptake systems. The strain P. aerug-
inosa ATCC 15692 (PAO1) has been shown to synthesize
two distinct siderophores, pyochelin and pyoverdin.

Pyochelin (10) is an unusual siderophore in that it is a
poorly water-soluble, low-molecular-weight (325-Da) thiaz-
oline derivative [2-(2-o-hydroxy-phenyl-2-thiazolin-4-yl)-3-
methylthiazolidine-4-carboxylic acid] (11) which binds
Fe(III) with a stoichiometry of two molecules per iron atom
and a remarkably low stability constant of approximately 2
x 10° M~2 (10). Ferripyochelin transport has been shown to
involve two distinct outer membrane proteins (OMPs) of 14
(34) and 75 kDa (18), the latter characterized by a higher
affinity, i.e., operating at Fe(III) concentrations 5- to 10-fold
lower than the former (18).

Pyoverdin (4, 9) is a more complex molecule (approxi-
mately 1,500 Da) consisting of an 8-hydroxyquinoline de-
rivative, which forms a fluorescent chromophore, and an
octapeptide, which contains two residues of N°-hydroxyor-
nithine (39). The hydroxamate groups formed by these two
residues participate in the binding of iron together with the
catecholate group of the chromophore. Pyoverdin is a very
water-soluble molecule and a powerful chelator of ferric
iron, which is bound with a stoichiometry of 1:1 (9, 39) and
a stability constant of approximately 10* M~ at neutral pH
(26, 39). Both features favor Fe(III) binding to pyoverdin
with respect to pyochelin (10, 27). Two high-molecular-mass
OMPs of 80 (28) and 90 kDa (33) have been shown to
function in ferripyoverdin uptake.

The strikingly different affinities and stoichiometries of the
two P. aeruginosa siderophores for Fe(III) led us to assume
that these molecules may also differ in their binding proper-
ties of other transition metals. Indeed, pyochelin is known to
form complexes with zinc ions (13). Hence, while the
fundamental role of pyoverdin and other fluorescent sidero-



VoL. 58, 1992

phores in iron uptake by Pseudomonas spp. is undisputed,
the actual biological significance of pyochelin as a specific
Fe(III) carrier may be questioned.

To investigate whether the two P. aeruginosa sidero-
phores possess a sequestering activity towards essential
transition metals other than iron, we determined the effect of
metal addition on P. aeruginosa PAO1 growth in a metal-
poor medium, on pyochelin and pyoverdin biosynthesis, and
on the expression of OMPs involved in siderophore-medi-
ated iron uptake. The data obtained show that growth,
pyochelin production, and expression of these specific
OMPs are modulated by transition metals other than Fe(III)
and point to a significant affinity of pyochelin for such
cations, an indication which was substantiated by direct
measurements of metal binding. Hence, a possible involve-
ment of pyochelin in the transport of different transition
metals has been proposed.

MATERIALS AND METHODS

Bacterial strains and culture conditions. P. aeruginosa
PAOL1 (ATCC 15692) was obtained from the American Type
Culture Collection and stored as frozen culture at —80°C in
tryptic soy broth (Difco Laboratories, Detroit, Mich.) and
10% glycerol. Cultures were routinely grown in DCAA,
containing 0.5% Casamino Acids (Difco) in deionized, dou-
ble-distilled water, made metal free by treatment with
Chelex 100 resin (Bio-Rad Laboratories, Richmond, Calif.).
According to the specifications of the manufacturer, this
matrix is characterized by the following order of selectivity
for divalent and trivalent cations: Cu(II) > Fe(III) > Cr(III)
> Ni(II) > Zn(II) > Co(II) > Cd(II) > Fe(II) > Mn(II). The
activated resin was added to the Casamino Acids solution (5
g of resin per liter of medium) and the pH was adjusted to 7.4
by the addition of a few drops of 1 N NaOH. After 20 h of
moderate stirring at 4°C, the resin was removed by filtration
through Whatman (Clifton, N.J.) no. 1 filter paper and the
medium was sterilized by autoclaving. The medium was
supplemented aseptically with 0.4 mM MgCl, immediately
before inoculation. After Chelex 100 treatment, the metal
content of DCAA (with respect to iron, copper, nickel,
cobalt, zinc, molybdenum, chromium, manganese, and cad-
mium), was determined to be <0.1 pM by means of an
atomic absorption spectrometer (Perkin-Elmer model 360).
Alternatively, the M9 minimal medium (17) was used after
supplementation with 20 mM sodium succinate as the carbon
source. The M9 basal solution was also treated with Chelex
100 as described above. When required, media were made
solid by the addition of 10 g of Agar N.1 per liter (Oxoid
Ltd., Basingstoke, England).

To deplete cells of the intracellular metal pools, bacteria
were first cultured on M9-succinate agar medium, suspended
in a small volume of sterile, double-distilled water to yield an
AGg0 of around 0.5, and inoculated in DCAA (approximately
10° CFU/ml). The culture was incubated at 37°C in a rotary
shaker at 250 rpm until the late exponential phase was
reached. This culture was subsequently used as the inocu-
lum to achieve a final concentration of about 10° CFU/ml.

Chemicals and glassware. Metal salts were obtained from
Merck (Darmstadt, Germany) in the following forms:
FeCl, - 6H,O (iron content, >99.9%); MnSO, - H,O (iron
content, <0.002%); NiSO, - 6H,0O (iron content, <0.001%);
CoSO, - 7TH,0 (iron content, <0.0005%); ZnSO, - 7TH,0
(iron content, <0.001%); (NH,)sMo,0,, - 4H,O (iron con-
tent, <0.002%). CuSO, - 5H,0 (iron content, <0.003%) was
purchased from Farmitalia Carlo Erba (Milano, Italy).

METAL-REGULATED PYOCHELIN SYNTHESIS IN P. AERUGINOSA 2887

All glassware was rendered iron free by 24 h of treatment
with 0.1 N HCI, rinsed once in distilled water, and finally
rinsed in deionized, double-distilled water before steriliza-
tion. All media and solutions were prepared with deionized,
double-distilled water.

Extraction and characterization of siderophores. Minor
modifications of the methods proposed by Cox and Graham
(10) and Meyer and Abdallah (26) were adopted for the
extraction and detection of pyochelin and pyoverdin, respec-
tively. Pyochelin was determined by ethyl acetate extraction
of acidified supernatants obtained after centrifugation (5,000
X g, 30 min, 4°C) of 20-h bacterial cultures in DCAA.
Briefly, the spent medium was adjusted to pH 1.5 to 2.0 with
1.0 N HCI and extracted twice with 0.4 volume of ethyl
acetate. After evaporation of the organic phase under vac-
uum, the dry residue was resuspended in a small volume of
methanol and applied in triplicate to a Silica Gel G thin-layer
chromatography (TLC) plate in chloroform-acetic acid-eth-
anol (90:5:2.5) as the development solvent. Pyochelin from
TLC plates was qualitatively characterized by (i) yellow-
green fluorescence emission under UV light (10), (ii) iron-
binding capacity resulting in red-brown spots when sprayed
with 0.1 M FeCl, in 0.1 M HCI (10), (iii) specific reactivity of
N-methylthiazolidine rings yielding black spots when
sprayed with ammoniacal silver nitrate reagent (2, 20), and
(iv) chromatographic mobility (R, = 0.35 to 0.40 in the above
development solvent [3]). Quantitative determinations of
pyochelin were performed by scraping the fluorescent spots
from TLC plates loaded with 50-ml culture extracts. Pyoch-
elin was eluted from the silica gel by extracting twice with
methanol. The methanol extracts were dried under vacuum,
and the amount of pyochelin was determined by spectropho-
tometric titrations of the deferri- and iron-saturated form in
the 200- to 600-nm wavelength range (10).

Pyoverdin production was qualitatively detected by fluo-
rescence spectra in the 350- to 500-nm wavelength range of
culture supernatants diluted 50-fold in 100 mM Tris-HCI (pH
7.0) by using a Perkin-Elmer LS50 fluorimeter; pyoverdin
displays characteristic excitation and emission maxima at
405 and 455 nm, respectively (9, 26). The pyoverdin concen-
tration in culture supernatants was estimated by spectropho-
tometric titrations of the Fe(III) complex at 475 nm with
ferric citrate (26). The culture supernatants were supple-
mented with 0.1 volume of 100 mM Tris-HCI buffer (pH 7.0),
and the pyoverdin concentration was determined by mea-
surements of 4,,5 after addition of increasing amounts of
ferric citrate, up to the saturation end point; the reference,
consisting of sterile DCAA, was treated as described above.
The Csaky test (12) for hydroxamates was also carried out to
quantify the concentration of hydroxylamino nitrogen in
liquid cultures, by using a standard curve obtained with
known quantities of hydroxylamino hydrochloride. In our
experiments, 1 mol of pyoverdin corresponded to approxi-
mately 2 mol of hydroxamates, because of the presence of
two N°-hydroxyornithine residues per pyoverdin molecule
(39).

Large-scale preparation of pyochelin and pyoverdin. Large-
scale preparations of pyochelin were performed in stirred
1-liter flasks, filled with 250 ml of DCAA, and the sidero-
phore was extracted as described by Cox and Graham (10).
Pyochelin dissolved in methanol was applied to Whatman
no. 1 filter paper, and chromatograms were developed
ascending in water-acetic acid (90:1). After development and
drying, the paper chromatogram was viewed under UV light,
and the fluorescent bands were marked, cut out, and eluted
in methanol. The methanol solution was concentrated under
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vacuum and then chromatographed on a thin layer of Silica
Gel G with chloroform-acetic acid-ethanol (90:5:2.5) as the
development solvent. The chromatogram was observed un-
der UV light, and the fluorescent band containing pyochelin
was scraped from the plate and eluted with methanol for
quantitative determination.

Large-scale purification and preparation of iron-free py-
overdin was performed as previously described (9, 26) by
using M9 minimal medium supplemented with sodium suc-
cinate (20 mM) as the carbon source.

Preparation of metal complexes of pyochelin and pyoverdin.
A methanol solution of pyochelin was evaporated under
vacuum, and the dry residue was resuspended in ethanol to
yield a final siderophore concentration of 40 mM. Pyoverdin
was eluted from a Sephadex G25 column with deionized
water, purified by high-performance liquid chromatography
(9), concentrated by freeze-drying, and resuspended at 20
mM in deionized, double-distilled water. Equal volumes of
metal salts (20 mM in water) and siderophores (40 mM
pyochelin and 20 mM pyoverdin) were mixed to yield 10 mM
pyochelin- and pyoverdin-metal complexes in 2:1 and 1:1
ratios, respectively. Mixtures were left standing at 4°C for 12
h, sterilized by filtration through Millipore membranes (pore
size, 0.45 pm), and diluted 1,000-fold in DCAA. The flasks
containing pyochelin and its metal complexes were pre-
warmed for 1 h at 42°C under vigorous agitation to facilitate
ethanol evaporation, prior to the addition of the bacterial
inocula.

Measurement of bacterial growth rates. P. aeruginosa
PAOI1 from succinate M9 minimal medium agar plates was
inoculated into 25 ml of DCAA and grown overnight at 37°C
with vigorous shaking to deplete cells of essential metals.
Bacterial cells were centrifuged (20 min, 2,500 x g, 37°C; in
a Heraeus Omnifuge 2.0 RS centrifuge) and resuspended in
prewarmed DCAA to an Ay, of 1.0, and 0.1-ml aliquots of
bacterial suspension were used to inoculate 25 ml of pre-
warmed DCAA in 350-ml Erlenmeyer flasks. Cultures were
incubated at 37°C with aeration in an orbital shaker (New
Brunswick model G25) at 250 rpm, and 1-ml aliquots were
removed at hourly intervals for measurements of optical
density at 620 nm. The rate of biomass increase was esti-
mated for 6 h after the inoculum addition, and the generation
time was determined as previously described (40). The ¢ test
was applied to assess the significance of the differences
between the mean generation times.

Analysis of OMPs. Exponentially growing bacteria (ap-
proximately 10'° cells) were harvested by centrifugation (20
min, 2,500 x g, 4°C), washed twice with ice-cold phosphate-
buffered saline (10 mM phosphate buffer, 1 mM CaCl,, 0.5
mM MgCl, [pH 7.2]), and resuspended in 1 ml of 30 mM
Tris-HCI buffer (pH 8.0). Cell envelopes were disrupted by
ultrasonication (three 60-s pulses) in ice, and bacterial debris
were removed by centrifugation (20 min, 2,000 x g, 4°C).
Sarkosyl (N-lauroyl-sarcosine, sodium salt; Sigma Chemical
Co., St. Louis, Mo.) (20% [wt/vol]) and the protease inhib-
itor phenylmethylsulfonyl fluoride were added to the super-
natants to a final concentration of 2% (wt/vol) and 1 mM,
respectively. The mixtures were incubated at room temper-
ature for 30 min and then centrifuged at 38,000 x g for 1 h at
4°C. The membrane pellets were washed with 30 mM Tris-
HCI (pH 8.0), resuspended in a small volume of the same
buffer, and stored at —20°C. Membrane preparations were
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (22) with 10% separating gels and
5% stacking gels. The electrophoresis buffer was 25 mM
Tris-HCI (pH 8.3) containing 192 mM glycine and 1% (wt/
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vol) SDS. After electrophoresis, gels were stained with
Coomassie brilliant blue, destained, and photographed.

Spectrophotometric titration of pyochelin by metal addition.
Absorption spectra in the visible and UV ranges were
measured at 20°C with a Cary 2200 spectrophotometer.
Metal stock solutions were prepared by dissolving their salts
in 3 mM HCI (pH 2.5). Titrations were performed by the
stepwise addition of the metal stock solution into the sample
(containing 1 ml of pyochelin in methanol at pH 2.5) and into
the reference cuvette (containing 1 ml of methanol at pH
2.5). Under the solvent condition chosen, pyochelin solubil-
ity is high and the absorption spectrum of its complex with
Fe(III) has been reported (10, 11). The acidic pH also favors
the solubility of the metal ions, in particular Fe(III).

RESULTS

Effect of different transition metals on siderophore biosyn-
thesis by P. aeruginosa PAO1. The effect of metal ions on
growth and expression of iron uptake systems by P. aerug-
inosa PAO1 was studied by using a Casamino Acids medium
treated with Chelex-100 (DCAA). This treatment is known to
result in an overall metal ion deficiency (see Materials and
Methods).

Initially, the production of pyochelin and pyoverdin by P.
aeruginosa PAO1 was monitored during a 30-h incubation
period at 37°C in 50-ml quantities of DCAA. In accordance
with previous results (7, 10, 26), the coordinate production
of both siderophores paralleled growth and remained con-
stant until the end of the logarithmic phase, at which time
pyochelin and pyoverdin reached concentrations of 6 and 80
M, respectively (data not shown).

Thereafter, the effect of transition metals on pyoverdin
and pyochelin production was investigated by testing the
dose-response effect of Fe(III), Cu(II), Ni(II), Co(II), Zn(II),
and Mo(VI) on growth yields and siderophore biosynthesis
(Fig. 1). Fe(III) added at 5 uM caused a complete repression
of pyoverdin and pyochelin synthesis, in agreement with
previous observations (7, 10, 26). Pyoverdin production was
not affected by the other metals tested at concentrations up
to 10 pM and was repressed only slightly at higher concen-
trations (50 to 100 wM, depending upon the metal). In
contrast, pyochelin synthesis was significantly reduced. The
most striking effect was obtained with Co(II), which behaved
similarly to Fe(III) in that it totally repressed pyochelin
production at concentrations of 5 to 10 uM. The least
effective metals were Zn(II), which yielded approximately
25% repression of pyochelin biosynthesis at a concentration
of 100 pM, and Mn(II) (data not shown), which had practi-
cally no effect at the same concentration.

Growth-promoting activity of metals and their pyoverdin
and pyochelin complexes. To determine the effect of metals
and their siderophore complexes on P. aeruginosa PAO1
growth, experiments were carried out in which the metal-
poor medium (DCAA) was supplemented with metal salts or
the metal siderophore complexes at a final concentration of
10 uM. This concentration was chosen because it was higher
than the commonly accepted threshold of passive diffusion
of the free metal. As a control, the effect of the siderophores
was also tested (Table 1). All metals except Mo(VI) pro-
moted growth significantly, albeit to different extents. The
highest growth-stimulating activity was shown by Fe(III), as
indicated by the decrease in the mean generation time from
74.5 to 51.7 min (¢ = 9.815; P = 0.001). It should be stressed
that Fe(III) at 10 pM completely represses the synthesis of
both siderophores. The other metals, namely, Cu(II), Ni(II),
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FIG. 1. Dose-response effect of various transition metals on growth yield and siderophore production by P. aeruginosa PAOL in
metal-poor medium. Bacteria were grown for 20 h at 37°C in 50 ml of DCAA. The abscissa shows the initial concentration of metals added
to the DCAA. Symbols: B, dry weight of bacteria (in grams per liter); A, pyoverdin yields (in micromoles per gram [dry weight] of bacteria);

@, pyochelin yields (in micromoles per gram [dry weight] of bacteria).

Co(II), and Zn(II), caused significant reductions of the mean
generation time, ranging from 58.7 min for Co(II) (¢ = 6.639;
P = 0.002) to 69.7 min for Cu(II) (z = 2.633; P = 0.058). The
addition of either siderophore, at a high concentration with
respect to that of the inoculum, also significantly reduced the
mean generation time of P. aeruginosa in DCAA (¢ = 3.802,
P = 0.019 [for pyoverdin]; £ = 6.379, P = 0.003 [for
pyochelin]), presumably because of metal ion scavenging
from the medium. The complexes of pyoverdin with Fe(III),
Cu(II), Ni(II), and Mo(VI) caused significant growth stimu-
lation when compared with that of the respective metal salts
(2.760 < t < 11.154; 0.001 < P < 0.050). In the case of
pyochelin, such a growth stimulation was displayed by the
complexes with Cu(II), Ni(II), and Mo(VI) (5.155 < ¢t <
10.315; 0.000 < P < 0.006) and, to a lesser extent, by those
with Co(II), Zn(II), and Fe(III) (1.394 < ¢ < 2.706; 0.053 <
P < 0.236). A very evident effect was obtained with the
pyochelin complex with Mo(VI), which reduced the mean
generation time to approximately 50 min (¢ = 8.502; P =
0.001). However, if one compares the growth-promoting
effect of the siderophore-metal complexes with that of the
isolated components, that of the siderophores alone, and
that of the respective metal salts, only the pyoverdin com-

TABLE 1. Effect of various metals and their complexes with
pyoverdin and pyochelin on P. aeruginosa PAO1
growth in metal-poor medium (DCAA)

Mean generation time (min + SD)® in DCAA
supplemented with:

Metal
Metal- Metal-
Metal” pyoverdin® pyochelin®
None 74.5 = 2.6 64.5 = 3.7 63.8 + 1.2
Fe(III) 51.7 = 3.0 45.1 £ 28 48.0 = 3.4
Cu(Il) 69.7 = 1.7 62.2 +23 63.4 = 1.2
Ni(II) 65.3 £ 0.7 60.3 =+ 1.4 572+ 1.1
Co(II) 58.7 = 3.1 58.0 + 1.4 53224
Zn(II) 60.8 = 2.9 61.6 = 2.1 56.0 = 0.9
Mo(VI) 719 = 2.4 545+ 1.1 514 =34
Mixture® 40.2 = 1.4 NT NT
2 Mean values derived from triplicate experiments performed with a single
DCAA preparation.

® Metals were added to DCAA at 10 uM.

€ Metals were complexed with pyoverdin in 1:1 molar ratio and added to
DCAA at 10 uM.

4 Metals were complexed with pyochelin in 1:2 molar ratio and added to
DCAA at 10 pM.

< All listed metals were added to DCAA at 10 uM each.

f NT, not tested.
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FIG. 2. SDS-PAGE of OMPs from P. aeruginosa PAOl. Lanes: 1, OMPs in metal-poor medium (DCAA); 2, OMPs in DCAA
supplemented with 100 uM Fe(III); 3 and 4, OMPs in DCAA supplemented with 10 and 100 uM Cu(II), respectively; 5 and 6, OMPs in DCAA
supplemented with 10 and 100 uM Ni(II), respectively; 7 and 8, OMPs in DCAA supplemented with 10 and 100 pM Co(II), respectively; 9
and 10, OMPs in DCAA supplemented with 10 and 100 uM Zn(II), respectively; 11 and 12, OMPs in DCAA supplemented with 10 and 100
uwM Mo(VI), respectively. Molecular mass standards including Escherichia coli B-galactosidase (116.3 kDa), rabbit muscle phosphorylase
(97.4 kDa), bovine serum albumin (66.2 kDa), hen egg-white ovalbumin (42.7 kDa), bovine carbonic anhydrase (31.0 kDa), soybean trypsin
inhibitor (21.5 kDa), and hen egg-white lysozyme (14.4 kDa) are shown on sides of the gel. The positions of relevant proteins is indicated
between lanes 2 and 3. About 30 pg of proteins was loaded in each lane.

plexes with Fe(III) and Mo(VI) and the pyochelin complexes
with Ni(II), Mo(VI), Zn(II), and, to a smaller extent, with
Co(II) and Fe(III) showed statistically significant effects. In
general, the pyochelin complexes were more effective than
their pyoverdin counterparts. This is of particular interest
for the pyochelin complexes with Co(Il) (# = 2.923; P =
0.043) and Mo(VI) (¢ = 1.501; P = 0.207), because of the
modulatory activity of these metals on pyochelin biosynthe-
sis. Remarkably, the highest growth stimulatory effect was
observed by addition of a mixture of all metals at 10 uM
each, suggesting that P. aeruginosa growth in DCAA is
limited by the reduced availability of a number of transition
metals. Finally, no significant variation in the generation
time was observed upon addition of Mn(II) either as a metal
salt or as a siderophore complex (data not shown).

Effect of different transition metals on the OMP profile of P.
aeruginosa PAO1. A change in the P. aeruginosa OMP
composition has been shown to occur during iron-limited
growth (29). Therefore, we analyzed the OMP profiles in
cells grown in DCAA supplemented with different transition
metals (Fig. 2). Lanes 1 and 2 show the OMP profile obtained
from PAOL1 cultures in metal-poor and iron-supplemented
media, respectively. Under metal-restricted conditions, at
least three high-molecular-mass OMPs of 68, 75, and 80 kDa
and a low-molecular-mass OMP of 14 kDa are present whose
synthesis is repressed in the iron-supplemented sample.
These OMPs probably correspond to the ferripyoverdin
(80-kDa) and ferripyochelin (14- and 75-kDa) uptake proteins
(18, 28, 34). Lanes 3 to 12 show the OMP profiles obtained

when transition metals other than iron were added to the
growth medium at 10 and 100 pM. The pattern displayed
changes in the relative intensity of individual high-molecu-
lar-mass OMPs in the presence of the added metals; the most
relevant alteration occurred in the 68-kDa OMP, which was
barely detectable when cultures were supplemented with 10
and 100 pM Co(II) and 100 pM Zn(II). Also, the expression
of the 75-kDa OMP seemed reduced in cultures containing
Co(II), Zn(II), and Mo(VI) at 10 and 100 pM. Moreover,
some differences were observed at the level of the faint band
at 14 kDa which could not be detected when PAO1 was
grown in DCAA containing 10 and 100 pM Co(II) and
Mo(VI) or 100 pM Ni(II) and Cu(II). The expression of an
approximately 48-kDa OMP was also noted with the addition
of 100 uM Zn(II), as reported by other workers (1). Thus,
repression of pyochelin biosynthesis by Fe(III), Co(II), and
Mo(VI) appears to be related to the reduced expression of
well-known iron-regulated OMPs, namely, the 75- and 14-
kDa proteins involved in ferripyochelin uptake. In contrast,
expression of the 80-kDa OMP involved in ferripyoverdin
uptake (28) is not affected by metals other than Fe(III).
Lastly, changes in the OMPs at approximately 21 and 35 kDa
were produced by the addition of Ni(II) at 10 and 100 uM,
respectively.

Spectrophotometric titration of pyochelin with transition
metals. The results just presented demand the transition
metals tested to form complexes of different affinities with
pyochelin and led us to perform direct metal binding exper-
iments. Measurements were carried out at pH 2.5, where the
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FIG. 3. Absorption spectra of pyochelin upon addition of metals.
The solvent was methanol at pH 2.5, and the temperature was 20°C.

Symbols: —, pyochelin; ----- , pyochelin plus FeCl; [Fe(III)/
pyochelin = 1]; - - ——, pyochelin plus CuSO, [Cu(II)/pyochelin =
1 — — - — , pyochelin plus CuSO, [Cu(II)/Pyochelin = 10].

solubility of the metals under study is sufficiently high.
Moreover, at this pH, iron binding to pyochelin determines
significant changes in the optical absorption spectrum of the
molecule (10). Thus, metal-free pyochelin at pH 2.5 shows
peaks at 208, 270, and 340 nm, whereas the Fe(III)-bound
form [one Fe(Ill) for every two pyochelin molecules] dis-
plays maxima at 214, 230, 262, 325, 425, and 520 nm (Fig. 3).

To verify the possible complex formation between pyoch-
elin and metals other than iron, the UV-visible spectra of
pyochelin were examined after addition of Mo(VI), Ni(II),
Cu(Il), Co(II), Zn(II), and Mn(II). The spectral changes
observed at different metal/pyochelin ratios suggest the
formation of complexes with different stoichiometry, namely
one or two metal ions per pyochelin molecule, characterized
by distinct spectral properties in the 320- to 400-nm region
(Fig. 3). This hypothesis was confirmed in titration experi-
ments. One of these titrations carried out with Cu(Il) is
shown in Fig. 4. A clear spectral transition occurs when
Cu(Il) is in excess over pyochelin; under this condition, the
complex exhibits an absorption maximum at 366 nm. The
other metals studied displayed the same behavior, with the
exception of Fe(III), whose relatively high affinity leads to
the stabilization of the one metal/two pyochelin (molecule
ratio) complex only. The binding affinities for pyochelin
decrease in the order Fe(III) > Mo(VI) = Cu(II) > Ni(II) >
Co(Il) > Zn(II) > Mn(Il), as indicated by the titration
experiments plotted in terms of the fractional saturation of
pyochelin with the metal (Fig. 5).

DISCUSSION

The striking differences in structure, physicochemical
properties, and affinity for ferric iron of pyoverdin and
pyochelin, the two siderophores produced by P. aeruginosa,
suggested to us that one of the two chelators might be
involved in the delivery of transition metals other than iron.
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FIG. 4. Titration spectra of pyochelin with Cu(II). A total of 120
nmol of pyochelin in 1 ml of methanol at pH 2.5 was supplemented
with 0 (a), 10 (b), 20 (c), 30 (d), 40 (e), 50 (f), 60 (g), 70 (h), 100 (i),
200 (1), and 700 (m) nmol of CuSO,.

The suitable candidate was pyochelin, an unusual sidero-
phore because of its remarkably low binding constant for
ferric iron and the incomplete iron repressibility of the
14-kDa ferripyochelin-binding protein (27). Furthermore,
pyochelin in principle forms an efficient generalized metal
ion binding center because of the preponderance of oxygen
atoms in the proposed iron ligand groups (hydroxylates and
carboxylates); indeed, the ready formation of stable pyoch-
elin-Zn(II) complexes has been reported (13).

Among the various transition metals tested, which are all
essential enzymatic cofactors in P. aeruginosa (5, 15, 38),
Zn(II) and Mn(II) have scarce functional effects. In contrast,
Co(II), Mo(VI), Cu(II), and Ni(II) coordinately repress the
synthesis of pyochelin and of its 14- and 75-kDa OMPs
involved in ferripyochelin uptake but do not significantly
affect pyoverdin production or expression of the 80-kDa
putative receptor. However, the metal ion concentrations at
which these functional effects manifest themselves differ
markedly; thus, Co(II) and Mo(VI) are effective at micromo-
lar concentrations, whereas Cu(II) and Ni(II) are required at
concentrations which are very far from the physiological
ones (approximately 100 puM). In agreement with their
modulatory effect on siderophore biosynthesis, these metals
[in particular, Co(II) and Mo(VI)] stimulate bacterial growth
more efficiently when added to the culture medium in the
form of pyochelin complexes than in the form of the respec-
tive metal salts or pyoverdin complexes. Both effects paral-
lel the well-known functional roles of Fe(III). Of course, for
a given siderophore-metal complex to be functionally rele-
vant, it has to promote growth significantly also in compar-
ison with the siderophore alone. If this comparison is taken
into account, only the pyoverdin complexes with Fe(III) and
Mo(VI) and the pyochelin complexes with Fe(III), Ni(II),
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FIG. 5. Fractional saturation of pyochelin with different metal
ions. The titrations were performed by adding the metal to pyochelin
in methanol at pH 2.5 and 20°C. The fractional saturation was
calculated for Fe(III) at 520 nm and for all the other metal ions at 340
nm, where the contributions of the two types of pyochelin-metal
complexes are similar. Symbols: @, Fe(III); ¥, Mo(VI); B, Cu(Il);
O, Ni(Il); A, Co(Il); O, Zn(II); V, Mn(II). Pch, pyochelin.

Co(II), Zn(II), and Mo(VI) should be functional in sidero-
phore-mediated metal transport. The behavior of Mo(VI) is
remarkable insofar as its growth-promoting activity depends
critically on the mode of administration to the bacterium.
Thus, the Mo(VI) complex with pyochelin reduces the mean
generation time of P. aeruginosa in DCAA to values char-
acteristic of the ferripyochelin complex, while the metal salt
[as (NH,)sMo0,0,, - 4H,0] is very inefficient. This difference
may be related to the solution chemistry of molybdenum.
The Mo(VI) cation is characterized by an extremely high
charge density and reacts with water to form several species,
namely MoO,?>* and MoO,>~, which are in pH-dependent
equilibrium. The predominant form in neutral aqueous solu-
tions is MoO,2~ (19), a species unlikely to diffuse easily
across the bacterial membrane.

The contention that the functional effects can be ascribed
to pyochelin-mediated transport of the various metals is
supported by the fair correlation between the concentrations
at which such effects are apparent and the metal affinity for
pyochelin. The correlation is quite good if one considers that
the binding measurements have been carried out at pH 2.5 in
methanol (for the reason detailed in Materials and Methods).
The metal-pyochelin affinities relative to the divalent ions
(Fig. 5) follow the Irving-Williams series and the stability
series of the salicylaldehyde-metal (25) or the substituted
diketone-metal complexes (36). The higher affinity of Fe(III)
with respect to the divalent metal ions is in line with the
equilibrium constants of the metal-ligand reactions when the
ligand is EDTA, catechol, or salicylic acid (23, 24). The
formation of two distinct types of complex (with 1:1 or 1:2
stoichiometry) can be predicted as well on the basis of
literature data on the reactivity of phenolates (derivatives of
salicylic acid, salicylaldehyde, and catechol, etc.) (24).
Moreover, copper and molybdenum have previously been
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shown to possess appreciable affinities for hydroxamate and
catechol ligands (19). The behavior of Mo(VI) can be ex-
plained again in terms of the prevalent species in solution.
The observed affinity for pyochelin indicates that, under the
conditions used, MoO,?* dominates the experimental situa-
tion because this cation forms stable metal-cathecol com-
plexes of stoichiometry 1:2 or 1:1 (21, 31) just like the
positive divalent metals do (24). In contrast, MoO,>~ has a
surface which is not occupied by oxygen atoms and resem-
bles that of Fe(III); thus, like this cation, MoO,2~ has a high
localized charge density and binds anions very strongly (19).

The observed effects on the expression of the OMPs
involved in ferripyochelin uptake deserve a comment. The
coordinate repression of the synthesis of the 14- and 75-kDa
proteins in Co(II)- and Mo(VI)-proficient cells suggests that
both the high- and low-affinity systems might be involved in
pyochelin-mediated uptake of these transition metals. In this
respect, the acquisition of the putative Co(II) and Mo(VI)
complexes of pyochelin differs from that of Fe(III), since, for
iron, the two uptake systems can be differentiated on the
basis of their affinity, specificity, and response to metal
starvation (18).

In conclusion, our results show that the functional effects of
Fe(III) can be mimicked by other transition metals endowed
with a high affinity for pyochelin. Thus, Co(II) and Mo(VI) at
micromolar concentrations reduce both pyochelin synthesis
and expression of ferripyochelin uptake proteins and promote
bacterial growth in a metal-restricted environment when
administered as pyochelin complexes. Conversely, Mn(II),
which has a much lower affinity for pyochelin, has practically
no effect. These considerations lead to the proposal that
binding of Co(II) and Mo(VI) to pyochelin may well play a
role in their delivery to P. aeruginosa cells to counter metal
limitations imposed by the growth environment.

ACKNOWLEDGMENTS

This work was supported by a Ministero dell’Universita e della
Ricerca Scientifica e Tecnologica Grant from the Project ‘“‘Control
of Microbial Pathogenicity”’ (to N.O.), and by Consiglio Nazionale
delle Richerche grants from the Special Projects ‘‘Biotechnology
Products for the Control of Cellular Communication”” (to E.C.) and
““Prevention and Control of Disease Factors” (to N.O.).

REFERENCES

1. Anjaiah, V., N. Koedam, and P. Cornelis. 1991. Pseudomonas
aeruginosa PAO1 mutants affected in the regulation of pyover-
din production, abstr. 53, p. 140. Abstr. Pseudomonas 1991:
Third International Symposium on Pseudomonas Biology and
Biotechnology, 1991.

2. Ankenbauer, R. G., and C. D. Cox. 1988. Isolation and charac-
terization of Pseudomonas aeruginosa mutants requiring sali-
cylic acid for pyochelin biosynthesis. J. Bacteriol. 170:5364—
5367.

3. Ankenbauer, R. G., A. L. Staley, K. L. Rinehart, and C. D. Cox.
1991. Mutasynthesis of siderophore analogues by Pseudomonas
aeruginosa. Proc. Natl. Acad. Sci. USA 88:1878-1882.

4. Briskot, G., K. Taraz, and H. Budzikiewicz. 1986. Pyoverdine
type siderophores from Pseudomonas aeruginosa. Z. Naturfor-
sch. Sect. C. 41:497-506.

5. Brunori, M., E. Antonini, and M. T. Wilson. 1981. Cytochrome
c oxidase: an overview of recent work, p. 187-228. In H. Sigel
(ed.), Copper proteins: metal ions in biological systems, vol. 13.
Marcel Dekker, Inc., New York.

6. Butler, J. N. 1964. Ionic equilibrium, a mathematical approach.
Addison-Wesley Publishing Co., Reading, Mass.

7. Cox, C. D. 1986. Relationships between oxygen and siderophore
synthesis in Pseudomonas aeruginosa. Curr. Microbiol. 14:19-
23.



VoL. 58, 1992

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.

23.

24.

25.

Cox, C. D. 1989. Importance of iron in bacterial virulence, p.
207-246.In T. J. Beveridge and R. J. Doyle (ed.), Metal ions and
bacteria. John Wiley & Sons, Inc., New York.

. Cox, C. D., and P. Adams. 1985. Siderophore activity of

pyoverdin for Pseudomonas aeruginosa. Infect. Immun. 48:
130-138.

Cox, C. D., and R. Graham. 1979. Isolation of an iron-binding
compound from Pseudomonas aeruginosa. J. Bacteriol. 137:
357-364.

Cox, C. D, K. L. Rinehart, M. L. Moore, and J. C. Cook. 1981.
Pyochelin: novel structure of an iron-chelating growth promoter
from Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA
78:302-308.

Csaky, T. Z. 1948. On the estimation of bound hydroxylamine in
biological materials. Acta Chem. Scand. 2:450-454.

Cuppels, D. A., R. D. Stipanovic, A. Stoessl, and J. B. Sothers.
1987. The constitution and properties of a pyochelin-zinc com-
plex. Can. J. Chem. 65:2126-2130.

Elliot, H. A., and C. P. Huang. 1979. The effect of complex
formation on the adsorption characteristics of heavy metals.
Environ. Int. 2:145-152.

Fee, J. A. 1981. The copper/zinc superoxide dismutase, p.
259-298. In H. Sigel (ed.), Copper proteins: metal ions in
biological systems, vol. 13). Marcel Dekker, Inc., New York.
Galan, P., S. Hercberg, and Y. Touitou. 1984. The activity of
tissue enzymes in iron-deficient rat and man: an overview.
Comp. Biochem. Physiol. 77:647-653.

Guterman, S. K. 1973. Colicin B: mode of action and inhibition
by enterochelin. J. Bacteriol. 114:1217-1224.

Heinrichs, D. E., L. Young, and K. Poole. 1991. Pyochelin-
mediated iron transport in Pseudomonas aeruginosa: involve-
ment of a high-molecular-mass outer membrane protein. Infect.
Immun. 59:3680-3684.

Hider, R. C. 1984. Siderophore mediated absorption of iron.
Struct. Bonding 58:25-87.

Kirchner, J. G. 1967. Thin-layer chromatography, p. 172. John
Wiley & Sons, Inc., New York.

Kustin, K., and S. Liu. 1973. Kinetics and complex formation of
molybdate with catechol. J. Am. Chem. Soc. 95:2487-2491.
Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

Martell, A. E., and R. M. Smith. 1974. Critical stability con-
stants, vol. 1. Amino acids, p. 204-254. Plenum Press, New
York.

Martell, A. E., and R. M. Smith. 1977. Critical stability con-
stants, vol. 3. Other organic ligands, p. 181-201. Plenum Press,
New York.

Mellor, D. P., and L. Maley. 1947. Stability constants of internal
complexes. Nature (London) 159:370.

METAL-REGULATED PYOCHELIN SYNTHESIS IN P. AERUGINOSA

26.

27.

28.

29.

30.
31.

32.

33.

34,

35.

36.

37.

38.

39.

2893

Meyer, J. M., and M. A. Abdallah. 1978. The fluorescent
pigment of Pseudomonas fluorescens: biosynthesis, purification
and physicochemical properties. J. Gen. Microbiol. 107:319-
328.

Meyer, J. M., F. Halle, D. Hohnadel, P. Lemanceau, and H.
Ratefiarivelo. 1987. Siderophores of Pseudomonas: biological
properties, p. 188-205. In G. Winkelmann, D. Van der Helm,
and J. B. Neilands (ed.), Iron transport in microbes, plants and
animals. VCH Verlagsgesellschaft, Weinheim, Germany.
Meyer, J. M., D. Honhadel, A. Khan, and P. Cornelis. 1990.
Pyoverdin-facilitated iron uptake in Pseudomonas aeruginosa:
immunological characterization of the ferripyoverdin receptor.
Mol. Microbiol. 4:1401-1405.

Meyer, J. M., M. Mock, and M. A. Abdallah. 1979. Effect of iron
on the protein composition of the outer membrane of fluorescent
pseudomonads. FEMS Microbiol. Lett. 5:395-398.

Neilands, J. B. 1982. Microbial envelope proteins related to iron.
Annu. Rev. Microbiol. 36:285-309.

Neilands, J. B. 1984. Methodology of siderophores. Struct.
Bonding 58:1-24."

Palleroni, N. J. 1984. Pseudomonadaceae, p. 141-149. In N. R.
Krieg and J. G. Holt (ed.), Bergey’s manual of systematic
bacteriology, vol. 1. The Williams & Wilkins Co., Baltimore.
Poole, K., S. Neshat, and D. Heinrichs. 1991. Pyoverdin-medi-
ated iron transport in Pseudomonas aeruginosa: involvement of
a high-molecular-mass outer membrane protein. FEMS Micro-
biol. Lett. 78:1-6.

Sokol, P. A., and D. E. Woods. 1983. Demonstration of an
iron-siderophore-binding protein in the outer membrane of
Pseudomonas aeruginosa. Infect. Inmun. 40:665-669.

Spire, T. G. 1977. Chemistry and biochemistry of iron, p. 23-32.
In E. B. Brown, P. Aisen, J. Fielding, and R. R. Crichton (ed.),
Proteins of iron metabolism. Grune and Stratton, New York.
Van Uitert, L. G., W. C. Fernelius, and B. E. Douglas. 1953.
Studies on the coordination compounds. IV. A comparison of
the chelating tendencies of B-diketones towards divalent met-
als. J. Am. Chem. Soc. 75:2736-2739.

Wackett, L. P., W. H. Orme-Johnson, and C. T. Welsh. 1989.
Transition metal enzymes in bacterial metabolism, p. 165-206.
In T. J. Beveridge and R. J. Doyle (ed.), Metal ions and
bacteria. John Wiley & Sons, New York.

Weinberg, E. D. 1978. Iron and infection. Microbiol. Rev.
42:45-66.

Wendenbaum, S., P. Demange, A. Dell, J. M. Meyer, and M. A.
Abdallah. 1983. The structure of pyoverdin Pa, the siderophore
of Pseudomonas aeruginosa. Tetrahedron Lett. 24:4877-4880.

. Williams, P. H. 1979. Novel iron uptake system specified by

ColV plasmids: an important component in the virulence of
invasive strains of Escherichia coli. Infect. Immun. 26:925-932.



